Abstract: The aim of the research is to control the quality of the pulp and the functional condition of the refiners using statistical process control (SPC) and fuzzy modelling techniques. The on-line measurements and the SPC parameters are combined with the Mamdani type fuzzy models. The models and the "indexes" are used for the optimisation and the fault diagnosis purposes in the industrial scale pulp mill. The methodology is applied to the reject refining line in the thermo mechanical pulp (TMP). The preliminary results are promising and the methodology can be applied to all type of TMP mills.
INTRODUCTION
After the mainline refining, the quality of the coarse fractions of the mechanical pulp is poor and further refining is essential to develop the properties to a level needed in high-quality paper grades. The original target of the reject refining line, fig. 1 , is to make usable pulp out of shives, but especially with TMP, the treatment of poorly developed long fibres has become a major objective of reject refining (Sundholm, 1999 (Sundholm, 1999) .
The functionality of the reject refining line has a major effect on the quality of the final mass in the TMP mill. Due this, the monitoring of the pulp quality and the control of the refiner is an important and challenging task for the operators. The extensive monitoring of the process is difficult because of the stochastic nature of the process and the several interdependencies of the variables. In addition, the fast variations in the pulp input quality and the varying conditions of the refiners complicate process monitoring and control.
The control of the thermo mechanical pulping refiners has been studied extensively for the past two decades. Hiltunen, et al. (2001) demonstrated robust freeness models for the reject refining using the standard least squares methods. The research was expanded by Ahvenlampi, et al. (2001) who developed accurate freeness models for the reject refining using the principal component regression (PCR) and the Takagi-Sugeno fuzzy modelling techniques. Härkönen and Tienvieri (1995) have been studied the influence of the production rate in a similar refiner as used in this research. In the study the effects of the different production rates on the quality and on the production variables were defined. Sui, et al. (1998) developed the model based pulp quality control system for the TMP refiner. Neural networks, dynamic simulation and model based multivariable control were used in modelling.
The emphasis in this research is on the development of the different types of process monitoring indexes. The aim of the paper is to show that fuzzy modelling techniques can be effectively combined with the SPC procedures in monitoring and control of the reject refining process; not only the refiners.
With the aid of the indexes the optimisation of the quality and the stabilization of the refiners is possible. Respectively, the indexes can be used for the fault diagnosis purposes of the process. The developed indexes are shown to be reliable and accurate in practice for the certain data range, despite the non-linearity and the measurement errors.
EXPERIMENTAL DATA
All the measured data points used as the input variables for the SPC and the fuzzy models were collected from the automation system. The input consistency was measured before the screw presses. The specific energy consumption (SEC), refiners' power and plate vibrations were collected from both refiners. The on-line quality measurements (freeness, averaged fibre length, fines content) were measured after the latency removal tank. Fuzzy systems are based on fuzzy sets and fuzzy logic. In many cases fairly simple fuzzy models have been applied to the modelling and control of a plant. Fuzzy models are often used in non-linear applications. The 'fuzzyness' is used mainly to enhance the extrapolation capabilities of the model structure (Ikonen and Najim, 2001 ).
In Mamdani fuzzy systems, both the premise and the consequent of a fuzzy rule are specified using fuzzy sets. An example that describes that type of a simple fact is as follows, IF pressure is high, THEN volume is small.
Where pressure and volume are linguistic variables, high and small are linguistic values or labels that are characterized by membership functions (Jang, 1992) .
A Fuzzy set A of X is expressed by its membership function µ A from the universe of discourse to the unit interval (Mamdani and Gaines, 1981; Ikonen and Najim, 2001 )
µ A (ϕ) expresses the extent to which ϕ fulfils the category specified by µ A , where X is the universe of discourse (domain) of ϕ. Fuzzy inference systems consist of five blocks: fuzzification, database, rule base, decision logic and defuzzification.
The fuzzification block converts the system input ϕ=ϕ 0 into a fuzzy set A' on X. The database contains information about the fuzzy sets µ Ai (ϕ i ). The rule base is a set of linguistic statements: rules. The rules assume the form
Where A and B are linguistic terms defined by fuzzy sets in the database.
This can be translated into a simpler form using fuzzy sets and T-norm
A rule can be seen as a fuzzy implication function I
Which is often modelled using a T-norm.
The decision logic processes the input fuzzy signals using linguistic rules. In the case of T-norm implications can be further simplified to the h'th rule, h=1,2,..,H for input ϕ 0
The combination of all fuzzy interferences is made by means of an S-norm
The defuzzification determines (converts) the fuzzy output of the decision logic into a crisp output value. The weighted average method is used in defuzzification.
The use of statistical process control procedures, such as Shewhart charts is one of the corner stones of the quality revolution. The goal of statistical process control is the elimination of variability in the process. The Shewhart charts display data of the process under test and provide statistical decisionmaking tools to assess the process quality (Shewhart, 1931) .
The Shewhart control charts, although they are very useful in detecting significant mean deviations or high data scatter, are not very effective in detecting specific faulty events. The advanced control charts, based on further processing of measurement results, such as the cumulative sum (Cusum) and the exponentially weighted moving average (EWMA) can be used to handle these problems (Latva-käyrä et al., 1998) .
In the EWMA control technique, the decision depends on the EWMA statistic, which is an exponentially weighted average of all prior data, including the most recent measurement. By the choice of weighting factor, λ , the EWMA control procedure can be made sensitive to a small or gradual drift in the process, whereas the Shewhart control procedure can only react when the last data point is outside a control limit.
The statistic is calculated in equation
where EWMA 0 is the mean of the historical data (target), Y t is the observation at time t, n is the number of the observations to be monitored including EWMA 0 and 0 < λ ≤ 1 is a constant that determines the depth of the memory of the EWMA.
The estimated variance of the EWMA statistic is shown in equation
when t is not small, s is the standard deviation calculated from the historical data.
The centre line for the control chart is the target value or EWMA 0 . The control limits are CL = EWMA 0 ± ks ewma ,
( 1 0 ) where the factor k is normally set equal 3.
The cumulative sum control chart is also a good alternative to the Shewhart control charts when detecting small shifts. The Cusum technique consists of a sequential test of hypotheses procedure, which can be presented either as a graph or as an algorithm, or both. It is one of the most effective techniques ever invented for extracting certain types of information from a sequence of values (Wheeler, 1995) . The Cusum can be calculated as shown in equation
where T is the target value (Latva-käyrä et al.,1998) .
A V-Mask is an overlay shape in the form of a V on its side that is superimposed on the graph of the cumulative sums. The origin point of the V-Mask is placed on top of the latest cumulative sum point and past points are examined to see if any of them are above or below the sides of the V.
As long as all the previous points lie between the sides of the V, the process is in control. Otherwise (even if one point lies outside) the process is suspected of being out of control.
PROCESS INDEXES
Indexes are commonly used methods in the process industry for the fault diagnosis purposes. The results of the indexes can be used for both the maintenance and the monitoring of the process. The basic idea of the indexes is to stabilise the process and to develop the monitoring of the pulp quality.
Quality index
The quality index is based on the most used on-line quality measurements, which are the freeness, the averaged fiber length and the content of fines. The quality index combines the on-line measurements with fuzzy logic.
The classification of the data is done using the membership functions described in fig. 2 . The membership functions are divided into a three groups, S small, N normal and B big. The membership functions are based on the expert knowledge of the reject refining and the magnitude of the measurements. The model structure has 27 rules (3 membership functions for 3 input variables). T-norm minimum and S-norm maximum were used in rule base. For every 27 variable combination is given an integer value of the index between 1 and 5 based on the expert knowledge of the process and the reliability of the measurements.
The value 5 represents the optimum pulp quality. The quality is considered to be good if the output value of the index is over 4. The defuzzication is composed by the weighted average using the membership functions described in fig. 3 . Fig.3 . The membership functions used in defuzzification.
Stability indexes
The constant conditions at the operation of the reject refiners are needed for stabilising the quality of the pulp. For example the great variations in the plate vibrations consume additional energy and generates poor quality. The stability indexes are developed to provide additional information of the process state and moreover the quality of the pulp.
The basic idea of the refiner's stability index is to define the stability of the refining process in a certain period of time. The index is based on the SEC, the refiner's power and the plate vibration measurements. Both the variances of the refiner's power and the plate vibrations are fuzzified using the similar membership function structures as in the fig.  2 .
The condition for the calculation is that SEC must not change in the calculation window. The value of 5 of the index represents the best refining stability and the value of 1 is the worst.
The rule base consists of 9 rules (3 membership functions for the 2 input variables). The defuzzication is composed by the weighted average using similar membership functions as described in fig.3 . The structure of the calculation procedure is presented in fig. 4 . The properties of the input pulp in the reject refining line are mostly defined based on the consistency and the freeness measurements or the models of them.
These variables have to be kept unchanged for the stabile operation of the refiners. However, the fluctuations in the value of the consistency cause problems when refining a high consistency pulp. The stability index of the incoming consistency is developed to detect these changes.
The statistical procedures (exponentially weighted moving average, the EWMA and the cumulative sum, Cusum) are calculated from the measurements of the pulp input consistency. In both methods the fuzzified control limits are used.
The EWMA is chosen because, it can detect small variations better than the Shewhart charts. On the other hand the Cusum is chosen because it detects small variations in level (Box, 1997) . The V-mask is in use to detect the variations based on the Cusum. Large database of measurements is used to determine the limits and the parameters of these two methods.
The fuzzy modelling techniques are used again to calculate the exact value for the index based on the SPC parameters. Input variables for the fuzzy model are the maximum overshoot and the number of the overshoots of the V-mask. The third input variable is the magnitude of the overshoot based on the EWMA control limit.
Also now the index value of 5 represents the best stability and the value of 1 the worst. The rule base consists of 8 rules (2 membership functions for the 3 input variables). Also in this case the defuzzication is composed by the weighted average. The structure of the calculation procedure is showed in fig. 5 . 
RESULTS & DISCUSSION
The research is focused on providing the control system for the reject refining process. The principle, how the indexes are connected to the refining process, is presented in the fig. 6 . The most important input variable is the consistency of the incoming pulp flow, which is monitored using the stability index. The state of the process in a certain moment of time is defined with the stability index of the refiners. The quality index is monitoring the output of the process. 
Stability index of the incoming consistency
The index defines the magnitude of the quality variations in the pulp entering the process. The index is sensitive to the small variations as well as the gradual shifts in the value of the consistency. The index is effective in the monitoring the incoming disturbances.
Stability index of the refiner
The stability index of the refiner provides additional information of the refining process compared to the on-line measurements. The advance of the index is that the different plate types aren't affecting to the results. For example, when modelling the pulp quality of the reject refining process using the experimental models each plate type demand separate model. Respectively, the maintenance interval of the refiner's plates can be optimized.
The case, when the plates of the refiner is changed, is represented in the fig. 7 (dashed line). There is a clear difference in the value of the index before and after the plate change. Fig. 7 . The stability index of the refiner. The plate change is marked with a dash line.
Quality index
The properties of the pulp are normally defined by the many different quantities based on the on-line and the laboratory measurements. The laboratory measurements are more accurate and reliable, but the minimum sampling frequency is 8 hours. Therefore the on-line quality measurements are needed in process control.
There is correlation between the on-line quality measurements. On the other hand there is a possibility of a device failure in such measurements. These facts must be considered carefully when constructing the rule base for the fuzzy model. For example, if there is a failure in the on-line freeness measurements, the index is still able to define the quality.
The quality index and the on-line quality measurements are presented in the fig. 8 . For example, when the fibre length is increased but the other input variables are stabile, the quality of the pulp remains in its normal level. On the other hand, when both the fibre length and the freeness are increased the quality is degraded rapidly. The index can be used in the control and the optimization of the quality while the effective control variables are known. The situations are marked with a rectangle in the fig. 8 . Fig. 8 . The quality index and the on-line quality measurements. The value of the index is on the left x-axis.
CONCLUSIONS
Compared to other studies, which are concerning the functionality of the refining systems, this paper introduces various new indexes that can be used separately or together in process monitoring and controlling in any general TMP mill.
The stability index of the incoming consistency can be used to optimize and to control the quality of the outcoming pulp flow. With the aid of the stability index of the refiner the costs of the maintenance can be reduced. Respectively, the quality variations as well as the energy consumption can be minimized in the refining.
The developed quality index provides more exact information of the pulp quality than the freeness measurements, which were used before the indexes were applied to the process. With the aid of the index the process operators can easily see the overall quality of the pulp from the value of the index.
